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Greenhouse Gas (GHG) emissions are a growing problem in the United States (US). Methane (CH4) is a
potent GHG produced by several stages of the natural gas sector. Current scrutiny focuses on the natural
gas boom associated with unconventional shale gas; however, focus should still be given to conventional
wells and outdated equipment. In an attempt to quantify these emissions, researchers modiﬁed an off-
road utility terrain vehicle (UTV) to include a Full Flow Sampling system (FFS) for methane quantiﬁca-
tion. GHG emissions were measured from non-producing and remote low throughput natural gas
components in the Marcellus region. Site audits were conducted at eleven locations and leaks were
identiﬁed and quantiﬁed at seven locations including at a low throughput conventional gas and oil well,
two out-of-service gathering compressors, a conventional natural gas well, a coalbed methane well, and
two conventional and operating gathering compressors. No leaks were detected at the four remaining
sites, all of which were coal bed methane wells. The total methane emissions rate from all sources
measured was 5.3 ± 0.23 kg/hr, at a minimum.
© 2016 The Authors. Published by Elsevier Ltd. All rights reserved.1. Introduction
Recent reports yield confusion around the climatic implications
of natural gas (Burnham et al., 2012; Wigley, 2011). On one side of
the argument, proponents of natural gas focus on its ability to
mitigate climatic degradation due to its lower carbon content per
unit energy in comparison to coal or oil. Conversely, those who
argue against the utilization of natural gas, stress methane's
greenhouse gas (GHG) potency (as compared to that of carbon di-
oxide (CO2)) combined with leakage across the supply chain could
outweigh its climate beneﬁts (Alvarez et al., 2012). Methane's (CH4)
global warming potential (GWP) ranges from 21 to 85 dependingJohnson).
Ltd. All rights reserved.on period for analysis, source, and carbon feedback (Global
Warming Potentials; US Environmental Protection Agency; IPCC,
2007; Environmental Defense Fund). Signiﬁcant focus has been
placed on CH4 and other emissions from the growth in new shale
wells. However, data gaps remain regarding sound emissions rates
for natural gas components, such as older remote wells and con-
ventional equipment.
The geological deposit containing signiﬁcant natural gas re-
serves located deep beneath portions of ﬁve Northeastern states
(West Virginia (WV), Pennsylvania (PA), Ohio, Maryland, and New
York) is known as the Marcellus Shale. The Marcellus Shale has
been described as among the largest natural gas ‘plays’ in the world
and is the largest producing shale play in the United States (US) (US
Energy Information Administration). Covering approximately 34
million acres, geoscientists estimate it will yield nearly 500 trillion
D. Johnson, R. Heltzel / Atmospheric Environment 144 (2016) 1e72cubic feet of natural gas, enough to supply the US for 20e45 years
(Engelder et al., 2009). According to the US Energy Information
Administration (EIA), the total number of natural gas and
condensate wells peaked in 2011 at 514,637 (US Environmental
Information Administration). The EIA also suggests that annual
natural gas consumption is forecasted to grow from 25.6 trillion
cubic feet (TCF) in 2012 to 31.6 TCF in 2040 (US Environmental
Information Administration).
Approximately 350,000 oil and gas wells have been drilled in PA
and the locations of approximately 100,000 of these are unknown
(Brantley et al., 2014). The PA Department of Environmental Pro-
tection (DEP) operates a searchable geographical interface system
(GIS) database. Fig. 1 shows results for conventional wells that have
been identiﬁed as plugged, abandoned, DEP orphaned, DEP plug-
ged, DEP abandoned, regulatory inactive, for PA, along with issued
well permits for oil, gas, and combined wells within WV
(Pennsylvania Department of Environmental Protection). A search
of theWVDEP database for abandonedwells in 2015 yielded 10,109
results (West Virginia Department of Environmental Protection).
The WV DEP reported this value to be 12,491 in 2012, with over
54,000 wells whose status and location could not be conﬁrmed
(AbandonedWells). The reduced number of abandoned wells could
be due to plugging. However, the exact number is not known, as
issuance of plugging permits does not indicate immediate plugging
of the well. The WV Geological and Economic Survey site includes
the ability to search for information on over 145,000 oil and gas
wells in WV (WVGES).
The natural gas collection and distribution system is composed
of the following main components: gas wells, gathering pipelines
and stations, transmission lines, processing plants, pipeline
compressor stations, storage facilities, gate stations and metering
facilities, and the consumer distribution system. Multiple researchFig. 1. PA - blue dots, all natural gas wells excluding coal bed methane. WV e red dots for ga
wells. Regional locations for our measurements and those by Kang et al. are presented (Pe
interpretation of the references to colour in this ﬁgure legend, the reader is referred to theprograms are underway that examine new gas wells during
development and completion, and midstream and downstream
components. There is a signiﬁcant lack of data, however, regarding
the overall gathering systems and their CH4 emissions. We
communicated directly with the WV DEP Division of Air Quality
and determined that there is no database for small gathering sta-
tions within WV. Prior to 2011, the Pennsylvania Utility Commis-
sion (PUC) did not have jurisdiction over gathering lines in PA and
the PUC currently does not offer locations of gathering stations or
maps of compressors (Shale Gas Roundtable). The Pipeline and
Hazardous Materials Safety Administration (PHSMA) does offer
state-by-state mileage of gathering and transmission lines. In 2014,
PHMSA reported 831 gathering miles and 9914 transmission miles
for PA and 440 gatheringmiles and 3823 transmissionmiles forWV
(Pipeline Hazardous Materials Safety Administration, 2010). How-
ever, PMSHA notes that only about 5% of gathering pipelines are
subject to their regulations (Pipeline Hazardous Materials Safety
Administration, 2010) and as such, the data above do not include
smaller gathering lines and their components. Assuming the above
data only represent 5% of the total gathering system, WV and PA
could have over 25,000 miles of gathering lines.
In addition to conventional vertical gas wells, the Marcellus
shale region is also home to coalbed methane (CBM) wells. Fig. 2
shows CBM wells throughout WV and PA (Pennsylvania
Department of Environmental Protection; WVDEP). WV currently
has 1313 registered CBM wells (WVDEP). While research continues
to focus on development of unconventional resources, there is
sparse data regarding older lower-throughput components and
these components could be contributing disproportionally to CH4
emissions due to lack of regulations and maintenance that is
afforded to larger, more proﬁtable natural gas components.
Recent studies have shown that top-down methods estimates wells and yellow dots for combination gas and oil wells, excluding coal bed methane
nnsylvania Department of Environmental Protection; WVGES; Kang et al., 2014). (For
web version of this article.)
Fig. 2. CBM wells within PA and WV Marcellus region (Pennsylvania Department of Environmental Protection; WVDEP).
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methods (Caulton et al., 2014; Brandt et al., 2014). Some of the
underestimation may occur due to a lack of data e count, location,
activity - from remote natural gas components, such as those
quantiﬁed in this study. With the hope of obtaining some insight
into the CH4 emissions from remote and low throughput sites (not
accessible from paved roadways) and a method to access these
sites, we completed CH4 emissions measurements at local gath-
ering stations, remote conventional and coal-bed CH4 wells, and
other low throughput oil and gas components.2. Experimental methods
The investigated sites were located in Monongalia County, WV
and Green County, PA. Some of the sites were only accessible via
off-road utility vehicle paths. In order to conduct these measure-
ments, researchers outﬁtted a four-wheel drive utility terrain
vehicle (UTV). The UTV had a two-person cab and external work
bed for transportation of necessary equipment. The work bed
housed all equipment needed for quantiﬁcation of leaks. A gasoline
generator provided remote power. The vehicle was also equipped
with a roof mounted temperature sensor, solar sensor, global po-
sition antenna, and ultra-sonic anemometer. These measurements
recorded at a rate of 1 Hz.
Researchers used handheld, Eagle II methane detectors (RKI
Instruments) to audit sites for leaks. The lower detection limit of
these handheld units was ﬁve parts per million (ppm) above
background. Once a leak was detected, researchers used the Full
Flow Sampling system (FFS) to quantify the leak. The FFS included
an explosion proof blower capable of dilution ﬂow rates of 150
standard cubic feet per minute (SCFM). The system includedgrounded sampling lines, a mass airﬂow sensor calibrated against a
laminar ﬂow element, sampling section, and an Ultraportable
Greenhouse Gas Analyzer (UGGA) (Los Gators Research, Inc.). The
UGGA measured CH4, CO2, and water vapor (H2O). The laser-based
system reported only methane emissions as opposed to other
systems that reported total hydrocarbons. The system was capable
of capturing the entire leak plus dilution air. Local background
sampling was conducted to eliminate contamination from nearby
leaks and local dispersion. All measurements were background
corrected. It is noted that the portable generator may have pro-
duced methane emissions but the exhaust was always placed
downwind and any effects would be eliminated through local
background correction.
We previously completed leak and loss audits at natural gas
compressor stations and storage facilities using a similar system
(previously referred to as the High Volume Sampling System)
(Johnson et al., 2015a). Additional details on the system compo-
nents, operation, and previous use are found in (Johnson et al.,
2015a, 2015b). Fig. 3 shows an example of one of the sites
measured and a portion of the FFS mounted in the bed of the UTV
used.3. Results
Table 1 provides a summary of the sites containing leaks that
were measured. Leaks were considered any traceable CH4 con-
centration more than 15 ppm above the local background as
detected by a handheld unit. Note that volumetric and mass con-
versions utilized a standard temperature and pressure of 68 F and
14.7 pounds per square inch.
Fig. 4 shows the distribution of measurements including error
Fig. 3. Site 3 was an out of service gathering station with a signiﬁcant number of leaking components. The FFS system, mounted in the back of the UTV, can be seen in the bottom
right corner of the ﬁgure.
Table 1
Leak Rates of CH4 at Sites in grams per hour (g/hr) and standard cubic feet per hour (SCFH) (Measurement uncertainty ± 4.4% of reported value).
Site Component CH4 (g/hr) CH4 (SCFH)
1: Conventional Oil and Gas Well Sealed Vertical Flange 297.9 14.7
Top of Gathering Tank 5.3 0.3
2: Out of service gathering station Top of Storage Tank 350.7 17.4
Horizontal Flange on Ground Line 7.7 0.4
3: Out of service gathering station Fuel Regulator 18.6 0.9
Vertical Flange 786.7 38.9
90 Elbow 820.4 40.6
Connection to Storage Tank 25.8 1.3
4: Non-producing gas well Well Casing 796.2 39.4
5: Operational gathering station Exhaust 828.8 41.0
6: Operational gathering station Fuel Regulator 164.5 8.1
Packing Vent 282.4 14.0
Top of Storage Tank 29.7 1.5
Slop Tank 7.2 0.4
Exhaust 865.0 42.3
7: CBM well Cracked Fitting 1.9 0.1
Fig. 4. Distribution of leaks, including measurement uncertainty, and cumulative leak rate.
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jects Administration is currently funding the development of
technologies to accurately detect and quantify methane emissions
at similar sites at the level of six SCFH (Advanced Research Projects
Administration). Fifty-six percent of CH4 sources were above six
SCFH but these sources accounted for 98.2% of emissions. In fact,
the top ﬁve emitters (31%) accounted for 77.4% of the total emis-
sions. Also shown is the cumulative leak rate for all emitters. The
total emissions rate was 261.3 SCFH.
3.1. Note - remote conventional well
Site 4 was a remote conventional well that was labeled with
operator and American Petroleum Institute (API) information. The
well had signiﬁcant CH4 emissions between the casing and the
pipe. The leak was visible without the use of infrared imaging
equipment (refraction against the background). The leak was not
fully captured, as an enclosure systemwas not available. This meant
that the leak rate of 796.2 g/hr that was minimumvalue. A search of
the Pennsylvania Oil and Gas Reporting System showed that the
well had not reported any production in eight reports from 2000 to
2013 and was classiﬁed as a conventional vertical well
(Pennsylvania Department of Environmental Protection).
3.2. Note - coal bed methane wells
During this measurement campaign, researchers located ﬁve
remote CBMwells. These sites were overgrownwith vegetation and
accessible only with the UTV. The wells did not have speciﬁc API
numbers. However, using a GIS and PA andWV databases, we were
able to identify each of the wells. Four of the ﬁvewells last reported
production in 2006 and were classiﬁed as active and located in PA.
The ﬁfth site was classiﬁed as abandoned and last reported pro-
duction in 2004. Of these ﬁvewells, only one leakwas identiﬁede a
cracked ﬁtting with a leak rate of 1.9 g/hr. This leak occurred at the
well that last produced in 2006 and is noted in Table 1 as Site 7.
Since data were originally collected, the well that last produced
in 2004, is currently undergoing the plugging process. Metering
equipment was removed and the well was being vented to the
atmosphere at a rate of 15.8 SCFM or 947.4 SCFH. This rate was 3.6
times higher than the cumulative leak rate of all seven sites noted
above. The last report from 2004 showed a production rate of 6463
thousand standard cubic feet per year (MSCFY) for an average
production rate of 737.8 SCFH. This production rate was 22% lower
than its current vent rate. The total production of the well over its
four-year life was 63.2 MMSCF. Alvarez et al. presented estimates of
maximum leak rates necessary to see immediate climatic beneﬁts
from fuel switching to natural gas for light-duty gasoline cars,
heavy-duty diesel fueled trucks, and coal ﬁred power plants
(Alvarez et al., 2012). The overall leak thresholds were 1.6, 1.0, and
3.2%, respectively. Typically, these leak rates are based on current
leak rates and current throughput of the system analyzed. However,
this well is no longer in production (denominator equal to zero),
but we examined previous annual production rates to determine a
lifetime based leak rate compared to overall production. Based on
total production and vent rate, these three thresholds e from a
lifetime perspective e would be exceeded in 45, 28, and 89 days
respectively. At the time of writing this paper, the well had been
vented for 14 days.
Note the emissions rate of this well ventingwas 2.6 times higher
than the emissions rate of a natural gas storage facility audited in
the Barnett shale region. For comparison, the storage facility saw
daily average throughputs of 0.9 MMSCF (Johnson et al., 2014).
Without knowing the frequency of this type of action, it is difﬁcult
to ascertain its effects on emissions inventories but could likely be acontributor to variations between top down and bottom up
methods, if such actions are standard practice and not reported.
3.3. Background sampling
When traveling from site to site in the UTV, continuous moni-
toring of atmospheric CH4 was conducted using the UGGA without
the FFS. Ambient CO2 and H2O, wind speed, temperature, solar
loading, and positionwere also recorded. This allowed areas of high
background CH4 to be observed. Fig. 5 shows a map of the UTV
position, ambient methane concentrations, and site locations.
4. Discussion and recommendations
Our instrumentation of a UTV to include a CH4 detection and
quantiﬁcation system made it possible to locate, access, and mea-
sure CH4 emissions from a number of sites that were identiﬁed as
possible CH4 emitters. Eleven sites were audited for CH4 emissions.
Seven of the visited sites had measurable CH4 emissions. The four
sites that had no measurable leak were all remote CBM wells. Not
all sites were fully audited due to access restrictions. The exhausts
of the operating engines were quantiﬁedwith CH4 emission rates of
828.8 and 865.0 g/hr, respectively with a combined emissions rate
of 1.69 kg per hour (kg/hr), at a minimum. The remaining non-
exhaust measurements yielded a CH4 emissions rate of 3.6 kg/hr.
Other studies that focused on larger natural gas facilities also found
that a majority of emissions were attributed to uncombusted
methane from onsite natural gas engines (Johnson et al., 2015a;
Zimmerle et al., 2015). These sources from just a few remote
wells were deemed signiﬁcant, as recent research has suggested
that a leak of just six SCFH is of interest (Advanced Research
Projects Administration). The total emissions rate from all sites
and sources measured was 5.3 ± 0.23 kg/hr, at a minimum (Note:
one of the major leaks could not be fully captured). As an additional
reference, the emissions from this limited data set are approxi-
mately 5% of the emissions from the ﬁve larger natural gas facilities
audited during the Barnett Coordinated Campaign (Johnson et al.,
2015a). However, the total emissions of these sites represented
66% of the emissions from the single lowest emitting site of the
Barnett Coordinated Campaign.
Kang et al. recently measured CH4 ﬂuxes from 19 plugged or
unplugged abandoned wells in north-central Pennsylvania (Kang
et al., 2014). Their measurement technique focused on enclosing
the entire wellhead and surrounding ground area to quantify a ﬂux
from the entire location, whereas we focused only on leaks above
ground and did not account for methane from the soil surrounding
the components. The average CH4 ﬂux reported by Kang et al. was
0.27 kg/day/well. The CH4 emissions of the ﬁve CBM wells
measured in this study were 9.12  103 kg/day/well or about 30
times lower than the average abandoned well ﬂux reported by
Kang et al. (Kang et al., 2014). However, if the two conventional
wells were included the minimum average CH4 emissions were
3.76 kg/day/well, about 15 times higher than (Kang et al., 2014).WV
DEP reported 1313 CBM wells while the PA DEP reported 1275
(Pennsylvania Department of Environmental Protection;
Markowski, 2013). If each had an emissions rate of
9.12  103 kg/day/well, this would yield contribute nearly 8.6
metric tons of methane emissions in the heart of the Marcellus,
which is also home to methane emissions from conventional wells,
unconventional wells, and coal mining applications.
Allen et al. completed measurement campaigns for a variety of
natural gas components and reported equipment leak rates at wells
sites to be 1.23 ± 44 g per minute (Allen et al., 2013). These leak
rates were nearly 193 times higher than the average of our values
for CBM wells; however, the Allen et al. data were for conventional
Fig. 5. A map of position of the UTV measurement sites for the entire trip and ambient methane concentration. Highlighted are the seven sites with identiﬁable leaks, see Table 1.
See the corresponding. KML ﬁle for calculated leak rates at each site as well as ambient methane concentrations over the entire trip.
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conducted at non-producingwells. Regarding our two conventional
wells, the emissions rate was 7.4 times higher and it was noted that
neither of these wells were producing natural gas. Rella et al.
conducted downwind sampling of both leaking and non-leaking
well pads and estimated the average well pad leak rate to be
18.3 g per hour (Rella et al., 2015). This is nearly two times the
emissions rate from the two conventional wells we surveyed. It is
noted that their indirect measurement technique sampled at
downwind distances of 20e150 m, which was nearly impossible at
the types of sites sampled in our limited campaign, due to terrain
and access.
Alternatively, we compared the leaking emission to the average
residential consumption for 2009e89.6 million British thermal
units (MMBTU)/customer/year (US Energy Information
Administration). This yielded an average hourly consumption rate
of 0.202 kg/hr. The total emissions from these few sites are the
equivalent of about 26 households showing that these emissions
are may not only be unaccounted by current inventorymethods but
also represent wasted energy.
We recommend that continued research focus on not only
sources of CH4 emissions from new unconventional sources, but on
remote, abandoned, and aging conventional natural gas compo-
nents. Since the UTV platform provided access to remote sites, we
plan to measure additional remote and abandoned natural gas
components in the Marcellus region. We also plan to revisit the
measured sites to examine temporal variations in emissions and
determine if well/site closures affect emissions rates from these
sources.
5. Acronyms
American Petroleum Institute; CBM, coal bed methane; CH4,
methane; CO2, carbon dioxide; DEP, Department of EnvironmentalProtection; EIA, Energy Information Administration; FFS, full ﬂow
sampling system; GIS, geographical interface system; g/hr, grams
per hour; GHG, greenhouse gases; GWP, Global Warming Potential;
Hz, Hertz; H2O, water vapor; kg/hr, kilogram per hour; MMBTU,
million British thermal units; MSCFY, thousand standard cubic feet
per year; MMSCF, million standard cubic feet, PA, Pennsylvania;
PUC, Pennsylvania Utility Commission; PMSHA, Pipeline and Haz-
ardous Materials Safety Administration; ppm, parts per million;
SCFH, standard cubic feet per hour; SCFM, standard cubic feet per
minute; TCF, trillion cubic feet; UGGA, Ultraportable Greenhouse
Gas Analyzer; US, United States; UTV, utility terrain vehicle; WV,
West Virginia.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.atmosenv.2016.08.065.
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